We have studied the reactions e + e ~ hadrons, e+eS, /~+/~-and z+T , in the energy range 88.2 =<I/s=< 94.2 GeV. A total luminosity of 5.5 pb-1, corresponding to approximately 115000 hadronic and 10000 leptonic Z ~ decays, has been recorded with the L3 detector. From a simultaneous fit to all of our measured cross section data, we obtain assuming lepton universality: M z = 91.181 + 0.010 + 0.02 (LEP) GeV, Fz= 2501 _+ 17 MeV, Ft~ad = 1742 _+ 19 MeV, F t = 83.6 __ 0.8 MeV. If we do not assume lepton universality, we obtain for the partial decay widths of the Z ~ into e + e ,/~ +/~ -and T+T-: Fe= 83.3 • 1.1MeV, Fu = 84.5 • 2.0 MeV , F~ = 84.0 • 2.7 MeV.
Abstract. We have studied the reactions e + e ~ hadrons, e+eS, /~+/~-and z+T , in the energy range 88.2 =<I/s=< 94.2 GeV. A total luminosity of 5.5 pb-1, corresponding to approximately 115000 hadronic and 10000 leptonic Z ~ decays, has been recorded with the L3 detector. From a simultaneous fit to all of our measured cross section data, we obtain assuming lepton universality: From the measured ratio of the invisible and the leptonic decay widths of the Z ~ we determine the number of light neutrino species to be N v = 3.05_ 0.10. We include our measurements of the forward-backward asymmetry for the leptonic channels in a fit to determine the vector and axial-vector neutral current coupling constants of charged n naa +0-01s and leptons to the Z ~ We obtain gv=-v ..... o.o12 gA = --0.500 + 0.003. In the framework of the Standard Model, we estimate the top quark mass to be 10"1+52 mt: .~o_69~-16 (Higgs)GeV, and we derive a value for the weak mixing angle of sin 2 0 w-1 -(Mw/Mz) 2 = 0.222 • 0.008, corresponding to an effective weak mixing angle of sin 20w= 0.2315 _ 0.0025.
Introduction
Precise measurements of the production cross section of the Z ~ in e +e-reactions and the hadronic and leptonic decay rates are important steps towards understanding the electroweak interaction which is very successfully described by the Standard Model [1] .
The successful operation of LEP [2] in 1990 has enabled us to collect a total luminosity of 5.5 pb-~ with the L3 detector in the energy range 88.2=<~s<94.2GeV around the Z ~ peak. This represents approximately 115000 hadronic and 10000 leptonic Z ~ decays.
Earlier results on the hadronic and leptonic Z ~ cross sections and leptonic forward-backward asymmetries have been reported by the LEP experiments [3] [4] [5] [6] . This analysis represents a factor of two increase in statistics with respect to our previous results [3] [4] [5] . An improved understanding of our detector has enabled us to significantly reduce the systematic uncertainties in our measurements.
In this article we present the results of the measurements of the reactions:
The L3 detector is designed to measure electrons, photons, muons and hadrons produced in e + e-reactions with good spatial and energy resolution. Starting from the interaction point, the L3 detector is composed of the following subdetector systems: 9 a time expansion chamber (TEC) for tracking charged particles; 9 an electromagnetic calorimeter composed of bismuth germanium oxide (BGO) crystals; 9 a cylindrical array of 30 scintillation counters; 9 a hadron calorimeter with uranium absorber and proportional wire chamber readout; 9 a muon spectrometer consisting of multi-wire drift chambers; 9 a luminosity monitor composed of BGO crystal arrays on either side of the detector.
These detectors are installed in a 12 m inner diameter solenoidal magnet which provides a uniform magnetic field of 0.5 T along the beam direction. A detailed description of the detector and its performance is given in [71.
The e+e -interactions 1-4 are recorded in the L3 detector if at least one of the following trigger requirements is fulfilled: Energy trigger." At least 10 GeV is registered in the BGO calorimeter, or 15 GeV in the BGO and barrel hadron calorimeter, or 20 GeV in all calorimeters (including the end-cap calorimeters).
Dimuon trigger: At least two tracks are detected in the muon chambers in non-adjacent octants and at least one scintillation counter has fired.
Single muon trigger: At least one track with a transverse momentum greater than 1.5 GeV is detected in the muon chambers and at least one scintillation counter has fired.
Charged track trigger: At least two tracks with a transverse momentum greater than 0.15 GeV and with an angular separation greater than 120 ~ in the transverse plane are observed in the TEC.
Scintillation counter trigger: At least five out of the 30 barrel scintillation counters fire within 13 ns of the beam gate and at least one pair of the counters hit is separated by more than 45 ~ in azimuth.
These trigger requirements have a very large redundancy. Typically at least two trigger requirements are fulfilled by each of the reactions 1-4. This allows a check of the trigger efficiency of the individual triggers. The combined trigger efficiency for all of the above reactions is larger than 99.9 %.
The response of the L3 detector is modelled with the GEANT3 [8] detector simulation program which includes the effects of energy loss, multiple scattering and showering in the detector materials and in the beam pipe. Hadronic showers in the calorimeters are simulated with the GHEISHA [9] program. Generated events are passed through the detector simulation program and are reconstructed by the same program that is used to reconstruct the data for each of the physical processes studied. The database, which keeps track of the detector status, is used in the reconstruction of simulated events to compensate for time dependent detector inefficiencies. Except where explicitly stated, all Monte Carlo studies mentioned in this article are made with events which have been tracked through the detector by the simulation program.
The right-handed coordinate system that we use to decribe the detector is defined as follows: the z axis is along the direction of the incoming e-, the y axis is vertical and the x axis points towards the center of LEP. The polar angle 0 is determined with respect to the z axis, and the azimuthal angle q~ is determined in the xy plane with respect to the x axis.
In the analysis we use the following Monte Carlo event generation programs: BABAMC [10] and BHLUMI V 1.22 [ 11 ] for e + e-~ e + e-(?~) events; NGAMMA [ 12] for e+e ---,?~y(y) events; JETSET 7.2 [13] and HER-WIG 4.2 [14] for e + e-~ hadrons events; KORALZ [15] fore+e --*/~+/t (y)ande+e---*r+r -(?l) events; and DIAG36 [16] for four-fermion final states.
Luminosity
The luminosity is determined from the measured rate of small-angle Bhabha scattering, e + e-~e + e (y). We describe the determination of the luminosity in detail since this measurement is crucial to the cross section measurements which we present later.
Luminosity monitor and trigger
The luminosity monitor consists of two electromagnetic calorimeters and two sets of proportional wire chambers, situated symmetrically on either side of the interaction point. Each calorimeter is a finely segmented and azimuthally symmetric array of 304 BGO crystals covering the polar angular range 24.93 < 0 or (rt-0) < 69.94mrad (with respect to the interaction point x =y = z = 0). Each crystal is read out by a photodiode and has an LED to monitor its stability. The analog photodiode signals are used for the luminosity triggers, and the digitized photodiode signals are used to determine the energy deposited in the crystals. The energy resolution of the calorimeters is about 2 % at 45 GeV, and the position resolution is 0.4 mrad in 0 and 0.5 ~ in q~.
Luminosity triggers are based on the analog sums of the crystal signals in a 22.5 ~ azimuthal region. Three triggers are constructed from the 2 • 16 analog sums: Selected Bhabha events must satisfy the back-to-back trigger or the asymmetric double-tag trigger. The singletag trigger is used to determine the trigger efficiency for Bhabha events, which is found to be (99.9 _+ 0.1)%, with fill-to-fill variations of less than 0.1%.
Back-to-back-trigger:

Event selection
The Bhabha event selection is based on the energy deposits in the two calorimeters. A typical Bhabha event is shown in Fig. 1 . Adjacent crystals with more than • Fig. 1 . A Bhabha event as seen in the calorimeters of the luminosity monitor. Only energy deposits exceeding 250 MeV are shown. The size of each dark box is proportional to the energy deposit in the corresponding crystal. The tight fiducial volume corresponds to the outline shown in bold for the -z calorimeter 250 MeV of deposited energy are joined into clusters. The 0 and q~ impact coordinates of the cluster are determined from the observed energy sharing among the crystals. This is done by using a fitting function derived from the known average shape of electromagnetic showers. The same method is used to estimate the energy, E, of the incident particle by correcting the observed energy for lateral losses.
For most luminosity triggers one cluster is found in each calorimeter. For the events with multiple clusters we must differentiate between events with contributions from spurious beam-gas interactions and genuine radiative events. To do this, the clusters are ordered by energy and a vectorial sum of the individual cluster coordinates (E, 0, ~b ) is made. The summing is stopped when the difference between the energy of the cluster and the beam energy is minimal.
Two separate samples of Bhabha events are maintained. In the first (second) sample, a tight fiducial volume cut, as described in (1) below, is imposed on the calorimeter on the + z (-z) side. The criteria used for selecting luminosity events are:
1. The cluster is required to have the reconstructed 0 and q~ impact coordinates more than one crystal away from the calorimeter edges (see Fig. 1 We impose no restrictions on the reconstructed impact coordinates on the opposite side. 2. The reconstructed energy on one side must be greater than 0.8 Eb~am and the reconstructed energy on the other side must be greater than 0.4 Ebeam. 3. The coplanarity angle, Aq~, of the two clusters must satisfy: [Aq~-180~ < 10 ~ The asymmetric energy cut ensures that the acceptance is not sensitive to the effect of a few dead crystals, and in addition retains most of the radiative Bhabha events. Almost all the background from random beam-gas coincidences has energies less than 0.8 Ebeam in each calorimeter and is, therefore, substantially reduced by requirement 2.
The coplanarity requirement is used to further suppress beam related background. The sidebands of the coplanarity distribution, 10 ~ < [Aq5 -180~ < 30 ~ are used to subtract, on a fill-by-fill basis, the remaining background in the signal region. The residual background level of 0.2% is mainly due to random coincidences of beam-gas interactions. We assign a 0.1% systematic uncertainty to the background subtraction procedure.
The average of the two Bhabha event samples is used to calculate the luminosity. The asymmetric fiducial volume cut greatly reduces the systematic effect on the luminosity measurement due to calorimeter misalignments and/or e+e -interaction point displacements. For example, a 2 mm displacement or a 1 mrad tilt of one calorimeter relative to the beam line increases the measured luminosity by only 0.1%. The collinearity of the Bhabha events is used to monitor relative displacements of the beam with a precision of 0.1 mm. The fill-to-fill variations of these displacements are less than 0.5 ram.
The effect of changes in the selection requirements on the integrated luminosity, 2 is shown in Fig. 2 . The relatively large statistical uncertainty on the effect of varying the fiducial volume cut is due to the fact that an increase of the minimum scattering angle allowed strongly reduces the number of selected events. On the contrary, variations of the energy and coplanarity cuts hardly change the number of selected events. Within the statistical uncertainty, the value of SPis stable against changes in the coplanarity, energy and fiducial volume cuts. Based on Fig. 2 , a 0.5% systematic uncertainty is assigned to 2 due to the event selection criteria.
Theoretical cross section
To determine the visible cross section, e + e---*e + e (7) events are generated at ]fs = 91.18 GeV using BABAMC [10] . At the generator level, the polar angles of the scattered electron and positron are required to be in the range 0.020 < 0 < 7r -0.020 rad. The generated events are passed through the L3 detector simulation program. For center of mass energies, l/s, off the Z ~ peak the visible cross section is rescaled by (91.18 GeV)Z/s. Small ]/s dependent electroweak interference effects ( < 0.2 %) are also taken into account [17] . The contribution from e + e--,e + e-7 event configurations with the electron or the positron polar angle below 0.020 rad is estimated to be (0.06 _ 0.02) %.
The difference between the BABAMC and the BHLUMI V 1.22 [ 11 ] predictions for the visible cross section is (0.7 +0.2)%. The difference between this value and the (2+ 1)% quoted in [4] is due, apart from increased Monte Carlo statistics, to an improved numerical integration in the initialization phase of BABAMC. The BABAMC Monte Carlo program is favored because it simulates the complete e + e---,e + e- (7) phase space of experimental interest.
BABAMC is an ~Y(c~) Monte Carlo event generator. To estimate the effect of higher order contributions, we use an analytic calculation of the leading log G(~ 2) contribution [ 18] . For our angular range this yields a 0.4% increase of the visible cross section with respect to the G(e) result. The authors of [18] estimate the effect of the remaining higher order contributions to be less than 0.5%.
The event selection does not differentiate between e + and 7. Thus, the contribution from the e+e --*YY (7) process (0.02 %) must be added to the visible cross section [12] . The small background from the double-tag mode of the two-photon process, e + e---*e + e-X, is generally not coplanar and is therefore accounted for by the Aq~ sideband background subtraction procedure.
Including all contributions, the visible cross section at the Z ~ peak is 88.5 nb. The systematic uncertainty in the visible cross section due to the limited Monte Carlo statistics is 0.3 %. We estimate a theoretical uncertainty, resulting from the approximations used in the BABAMC calculation and the effect of higher order terms beyond the leading log ~(~2) term of 0.5% [18] . The geometry of the calorimeters has been measured by survey and has been checked independently using the proportional wire chambers mounted in front of the calorimeters. The uncertainty in the geometry measurements introduces a 0.4 % systematic uncertainty in the visible cross section. 
Luminosity measurement
Approximately 5• l0 s events fi'om the 2• 10 6 recorded luminosity triggers pass the event selection criteria described above. The measured coplanarity distribution, after the energy and the fiducial volume cuts, is compared to the Monte Carlo prediction in Fig. 3a . Figures 3b-c show the measured energy and 0 distributions for the selected Bhabha sample, together with the Monte Carlo predictions. Only the statistical errors on the data are shown; the statistical errors on the Monte Carlo simulation are three times as large as those on the data. Apart from the tails of the energy distribution, the three distributions are in good agreement with the Monte Carlo simulations. The excess of data events at high energies is due to real Bhabha interactions contaminated with a spurious beam-gas interaction. The origin of the small excess at low energies is either due to the limitations of the detector simulation program, the beam-gas interactions or the ~Y(c~) nature of the BABAMC event generator; its effect on the value of the integrated luminosity is less than 0.3 %. Radiative Bhabha events are used to further investigate the quality of the Monte Carlo simulation. The y is identified as the smaller energy cluster in events with two separate clusters in one calorimeter. Requiring the y energy, E~, to be larger than 0.05 E b .... about 1.5M 10 4 radiative Bhabha events are identified. Figure 3d shows the measured Er distribution and the Monte Carlo prediction. The agreement is satisfactory.
The various contributions to the systematic uncertainty in the luminosity are summarized in Table 1 . The total systematic error of 0.9 % is obtained by adding in quadrature the different contributions.
At the Z ~ peak, our visible Bhabha cross section is more than twice the e+e---*hadrons cross section. Therefore, the statistical uncertainty in the luminosity measurement is small compared with that of any Z ~ decay channel. For the investigated Z ~ decay channels we list for each center of mass energy point the corresponding integrated luminosity in Tables 2, 3, 5 and 7.
e + e-~ hadrons
The primary triggers for e+e ~hadrons events are the energy, scintillation counter, and charged track triggers.
In addition, events with muons are also triggered by the single muon trigger. Since the hadronic events are triggered by three independent triggers which are largely redundant, we can determine the individual trigger efficiencies from a study of the trigger data of the selected hadronic events. This analysis shows that the calorimetric trigger is (99.93 _+ 0.05)% efficient, and the scintillation counter and charged track triggers are each 95 % efficient. The combined trigger efficiency for hadronic events is larger than 99.9%. The systematic error due to trigger inefficiencies is negligible.
Event selection
The event selection for the process e+e -~hadrons is based on the energy depositions in the electromagnetic and hadronic calorimeters, and the momentum of muons measured in the muon chambers. The hadronic calorimeter covers 99.5 % of the solid angle. A clustering algorithm is used to group energy depositions in the calorimeters [19] . The granularity and the minimum energy needed to form a cluster in the end-caps is slightly larger than in the barrel region. Therefore, these two regions are considered separately. The algorithm reconstructs on average only one cluster for each electron, photon or muon and only a few clusters for taus. A typical hadronic event contains about forty clusters. We are therefore able to reject e +e-,p+p-and v+r events withacut on the number of clusters. Hadronic events are selected using the following criteria: Monte Carlo distributions are also shown. The agreement between the data and Monte Carlo distributions is evident in the signal region. The small discrepancies outside the cuts can be attributed to various sources, e.g. beamwall interactions, beam-gas interactions, two-photon events and cosmic ray showers. This is verified by scanning these events and by an analysis based on the number of TEC tracks and scintillation counter hits. In Fig. 5 the distributions of the number of clusters observed in the barrel and end-cap regions are shown. The distributions show good agreement between the data and the Monte Carlo simulation.
Because of the very good agreement between the measured and the simulated distributions, the systematic un- From these studies we estimate that the systematic error on the acceptance is 0.2%. An analysis of simulated e+e--+~+r -(y) events yields a background contamination in the hadronic event sample of (0.10 + 0.02) %. The e + e --*e + e (y) process introduces a background of approximately 7 pb, which corresponds to 0.02% on the Z ~ peak. The requirement Evis/l/ss > 0.5 results in a small, ]/s independent, contribution from e.g. beam-gas interactions and two-photon events of about 20 pb. This is estimated by extrapolating TaMe 2. Results on the cross section for the reaction e+ebadrons. Quoted errors are statistical only; the overall systematic uncertainty in the cross section is 0.4% (excluding the 0.9% luminosity uncertainty) 187 the observed rate in the 0.2 < Evis/]~ • 0.5 region. The measured cross sections are corrected for these background contributions. An independent analysis of the same data has been carried out, employing a different cluster algorithm and a different event selection based on the number of clusters and the number of scintillation counter hits. The differences between the two analyses are consistent with the estimated systematic uncertainty.
Cross sections
After applying the above selection criteria, 115097 events remain, which correspond to an integrated luminosity of 5.41 pb-1. Table 2 lists the cross section for the reaction e + e ~hadrons as a function of the center of mass energy, along with the number of hadronic events and the integrated luminosity at each energy point. The cross sections are corrected for the finite energy spread of the LEP beams as discussed in Sect. 8.2.
Studies of the ratio of the number of events collected versus integrated luminosity as a function of time, show no evidence of significant point-to-point or time dependent systematic errors in the scan around the Z ~ peak.
We obtain an overall systematic error in the corrected number of hadronic events of 0.4%. This includes contributions from event selection (0.3%) and acceptance (0.2 %). Combining this error in quadrature with the 0.9 % systematic error on the luminosity measurement, gives an overall systematic error on the measured hadronic cross section of 1.0%.
e+e----,g+tt-(?)
The main triggers for e+e ~/~+/~ (y) events are the dimuon and charged track triggers. The combined trigger efficiency of these two triggers within our acceptance is found to be greater than 99.9 %.
Event selection
The selection of e + e-~/t +/~ - (7) events is based on the signals from the muon chambers, scintillation counters, 1. The event is required to have two tracks in the muon chambers in the fiducial volume defined by I cos 01 < 0.8 satisfying the following requirements: a. To match the dimuon trigger requirements, both tracks must have a measured momentum of at least 2 GeV and the acoplanarity angle between them must be less than 90 ~ . b. At least one track must extrapolate to within 100 mm of the nominal vertex position in both the transverse and longitudinal planes.
2. At least one muon chamber track must have a measured momentum greater than 2 Ebeam 9 3. At least one of the scintillation counters hit by the muons must give a signal, which after correction for time of flight must be within 3 ns of the beam gate. 4. The event is required to have at least one and no more than five TEC tracks with a transverse distance of closest approach to the beam axis of less than 5 mm. Figure 6 shows the momentum distribution of the most energetic muon in the event compared to the Monte Carlo prediction, for data at the Z ~ peak. Good agreement between the data and the Monte Carlo is observed. The momentum cut (2) removes most of the background from e+e ~r+r (7) , two-photon processes and hadronic events. The remaining e+e --,hadrons events are rejected by the charged track multiplicity requirement (4) .
We estimate a background from e~e---,r~r -(7) events of (1.2+_0.1)% using events generated with KORALZ [15] and passed through the detector simu-lation. The background from reactions such as e+e ~hadrons, e + e-~e + e # +# , etc. is negligible. Cosmic ray background is rejected by requiring that the muons originate from the nominal vertex position (1 b, 4) and that the event is in time with the bunch crossing (3). The residual cosmic ray background in the selected sample is (0.20 • 0.02)%; this is determined using events with TEC tracks that do not pass through the interaction point. Varying the above criteria we estimate a systematic uncertainty in the cross section measurement due to the event selection of 0.5 %.
To calculate the geometrical acceptance and event selection efficiency, e + e ~/l +/t -(y) events are generated with KORALZ. For the cuts described above, the acceptance, including detector inefficiencies, is (78.3 • 0.3)%, inside the fiducial volume. This acceptance is independent of the center of mass energy. We assign a systematic un- Acollinearity (Degrees) Fig. 7a , b. a The photon energy spectrum for e+e ~#+/~- (7) events and b the acollinearity distribution for e+e --*g+~- (7) events. Both distributions are compared to the Monte Carlo simulations certainty of 0.5 % to the acceptance due to imperfections in the detector simulation.
Higher order radiative corrections account for significant deviations from first order predictions in the region of the Z ~ peak. Thus, a good understanding of photon radiation is essential for a precise measurement of electroweak parameters. We have measured these radiative processes directly by studying e+e--~#+# 7 events. For each event the largest electromagnetic cluster in the BGO calorimeter is identified as the photon. Figure 7a shows the measured photon spectrum for E r > 0.5 GeV at the Z ~ peak. The effect of photon radiation can also be seen in Fig. 7b , where the acollinearity angle of the /~ +/~-pair is shown. In both cases the Monte Carlo correctly simulates the effects of hard photon radiation.
An alternative selection of/~ + # -, which employs scintillation counter timing to select good muons and calorimetric clusters to reject hadronic events, yields very similar results.
Cross sections
After applying the above selection criteria, 3245 events are selected from the data sample with a total integrated luminosity of 5.35 pb '. The number of events and the luminosity collected at each energy point are listed in Table 3 .
We determine the cross section in the range I cos 01< 0.8 where the measurements are performed. Then, we extrapolate this result to the full solid angle using the KORALZ Monte Carlo program. In principle, the cross section for I cos0 1 < 0.8 is sufficient for the determination of the electroweak parameters. The extrapolation of the cross section to the full solid angle facilitates comparisons among the LEP experiments. We quote both cross sections in Table 3 , where a ...... is the measured cross section for I cos 0 1 < 0.8 and O'to t is the cross section extrapolated to the full solid angle. Both cross sections are corrected for acceptance, radiative effects and background. It should be noted that the extrapolation of the cross section includes a small correction for the energy dependence of the acceptance due to hard photon initial state radiation. The maximum vari- Table 3 . Results on the cross section for the reaction e+e - ation of the acceptance is 2 % in the energy range covered by our measurements. We use the extrapolated cross section, O'tot, for the determination of the electroweak parameters in Sect. 8. We estimate a total systematic uncertainty in both cross sections of 0.8 % (excluding the 0.9% luminosity uncertainty); this includes uncertainties due to event selection (0.5 %), acceptance and efficiency (0.5%), Monte Carlo statistics and cross section extrapolation (0.4%), and background subtraction (0.1%).
Forward-backward asymmetry
The forward-backward asymmetry, AvB, is defined as follows:
where av(aB) is the cross section for events with the gscattered into the forward (backward) hemisphere with respect to the electron beam direction.
For the measurement of the e+e-~/~+/~ - (7) tbrward-backward asymmetry the following selection criteria are applied in addition to the above cuts 1-4: 5. The muons must have opposite charges. 6. The acollinearity angle of the/1 +/t -pair must be less than 15 ~ 3104 events in the data sample of 5.35 pb -1 fulfill these requirements. Since one needs to distinguish/~ + and/~for the measurement of the asymmetry, we have checked the charge confusion by searching for events where both muons have the same charge. We find a charge confusion of (1.2 • 0.2)% for single muons. This charge confusion arises mainly from muons passing near the edges of the sensitive area of the muon chambers. A study of these events shows that the probability that both muon charges are wrongly measured is less than 0.2 %. Only these events contribute to a wrong measurement of the fox'ward-backward asymmetry, since the events with equal muon charges are rejected by cut 5. The systematic error due to the charge confusion is 0.004XAFB, which is much smaller than the statistical error of the measurement.
The acollinearity cut of 15 ~ is applied to reduce the contribution from hard photon radiation to the differential cross section. With this cut the lowest order form of the angular distribution, 3 (1 + cos 2 0) + Avs cOS 0, can be used for the determination of the asymmetry. Here 0 is the angle between the/~-and the e-. A study with KORALZ and ZFITTER [20] (the latter is described in Sect. 8.3) shows that this form is good to within 0.6% in the [cos 01 < 0.8 angular region, corresponding to a systematic error of less than 0.003 in the asymmetry.
The asymmetry at a given energy point is determined from a maximum likelihood fit to the angular distribution. The likelihood is defined as:
(2) i 189 The product is taken over all the events selected for the asymmetry determination. This asymmetry determination is independent of variations in the acceptance as a function of 0, provided that the acceptance is the same for p + and p-. A comparison of the momentum distributions of positive and negative muons in the forward and backward regions shows that in each hemisphere the acceptance is charge independent to better than 0.2%. Therefore, the corresponding systematic error in the asymmetry is less that 0.002. The very small cosmic ray background in the selected e + e-~/~+/~ -(y) event sample introduces a negligible systematic error. The only sizeable physical background is the 1.2 % background from e + e---, r + r-(y) events. This background does not introduce any systematic bias, since these events have an asymmetry quite similar to that of e + e-~/~ +/1 -(),) events.
In summary, including the error for using the lowest order form discussed above, we assign a total systematic error of 0.005 to the measurement of the forward-backward asymmetry of e + e-~/~ +/~ -(?).
The forward-backward asymmetries obtained from the maximum likelihood fit are presented in Table 4 for the different center of mass energies. As a consistency check, we also calculated AFB by direct counting of the events with a forward or backward scattered/~-. We corrected for the cos 0 dependent detector acceptance and extrapolated to the full solid angle using the lowest order formula for the angular distribution given above. The results are also quoted in Table 4 , and they are in very good agreement with the results obtained from the maximum likelihood method. To test the validity of the approximation of the angular distribution given above, we fit the acceptance corrected cos0 distribution for the e+e ----,/~+p-(y) events at the Z ~ peak to determine AFB. We obtain AFB-----0.01 • 0.02 with a X 2 of 5.4 for 6 degrees of freedom. Figure 8 shows the acceptance corrected cos 0 distribution together with the result of the fit. We use the asymmetries obtained from the maximum likelihood method for the determination of electroweak parameters in Sect. 8. The triggers for e+e ~r+r (7) events are the energy, charged track and single muon triggers. Comparing events that have been triggered by any of the three, we find that the combined trigger efficiency is greater than 99.9 %.
Event selection
The e + e-~ z + r- (7) events are selected using all possible decay modes of the tau. The selection criteria are based on information from the electromagnetic and hadronic calorimeters, muon chambers, scintillation counters and central tracking chamber. Jets are formed by merging calorimetric clusters and muon chamber tracks. Muons must satisfy a momentum-dependent vertex cut to reject calorimeter punch-through and cosmic ray background. If the calorimetric energy deposition in the jet associated with a muon is consistent with that expected for a minimum ionizing particle, the muon is considered to be isolated.
The selection criteria are:
1. The total energy deposited in the electromagnetic calorimeter is required to be greater than 2 GeV and less than 60 GeV.
2. The number of clusters reconstructed in the electromagnetic calorimeter must be less than 13 and the number of charged tracks in the TEC must be less than 9.
3. The event is required to have at least one scintillation counter hit, which after correction for time of flight must be within 6 ns of the beam gate. 4. The event must contain at least two and at most three jets, each with an energy greater than 3 GeV. 5. The acollinearity angle between the two most energetic jets must be less than 14 ~ . 6. The event is required to have no more than one iso-lated muon and, in addition, the muon must have a momentum of less than 0.88 Ebeam. 7 . If the shower profile of a jet is consistent with an electron or a photon, the energy deposited in the BGO associated with that jet must be less than 0.88 Eu,a~.
The analysis is further restricted to events which are contained within the fiducial volume defined by [cos 0t] < 0.7, where 0 t is the polar angle of the event thrust axis. We estimate a 2.0 % systematic uncertainty in the event selection by varying the above event selection cuts. The requirement on the total energy deposited in the electromagnetic calorimeter (1) is used to remove most of the e+e--,#+/~- (7) and e+e ~e+e-(7) events 7), e+e--*#+# (7) and e+e-~hadrons. In these figures all event selection cuts are imposed, except the cut on the variable plotted from the data sample. Hadronic events are suppressed by the multiplicity requirement (2), while cosmic ray background is rejected by the scintillation counter requirement (3) . The jet energy cut (4) and the acollinearity cut (5) reduce the background from beam-gas interactions and two-photon processes. Residual backgrounds from e + e---*/l+/~ -(y) and e+e---*e+e (y) events are removed with requirements (6) and (7), respectively. Figures 9a-b show the distributions of the energy deposited in the BGO calorimeter and the acollinearity angle, respectively. The distributions are compared to the Monte Carlo predictions; the agreement is good.
To determine the geometrical acceptance and event selection efficiency, e + e---* r + r -(•) events are generated using KORALZ [15] . For the selection criteria described above, the acceptance including detector inefficiencies, is (75.4_ 0.3)% within the fiducial volume. This acceptance is independent of the center of mass energy.
Using Monte Carlo simulation we estimate an overall background of (2.24-0.2)% from e+e -*e+e- (7), e+e-~P+P - (7) and e+e -*hadrons in the data sample. The background from two-photon processes (e.g.
e+e----*e+e r+r -, e+e-~e+e qq) is found to be about 0.1%. From a scan of the selected events, we estimate the cosmic ray background to be (0.2 § 0.1)%.
An alternative analysis using a different set of selection cuts and a modified cluster algorithm yields very similar results.
Cross sections
After applying the above selection criteria, 2540 events survive in the data sample with an integrated luminosity of 5.11 pb -1.
Extrapolarition of the measured cross section to the full solid angle is done by Monte Carlo calculations using the KORALZ program. The extrapolation leads to a 1.2 % variation of the acceptance in the energy region around the Z ~ peak. The number of events selected at each energy point, the corresponding cross sections measured in the fiducial volume, a ..... and the cross sections extrapolated to the full solid angle, otot, are given in Table 5 . Both cross sections are corrected for the background contaminations mentioned above. We use the extrapolated Excluding the 0.9 % luminosity uncertainty, we estimate an overall systematic uncertainty in the cross section measurement of 2.1%. This includes contributions from the event selection criteria (2.0 %), the acceptance (0.7)%, and the background subtraction (0.2%).
Forward-backward asymmetry
For the charge of a tau we use the sum of the charges of its decay products, as measured in the TEC, unless the tau decay products include a muon, in which case the charge is inferred from the muon spectrometer. Here we assume that the two taus correspond to the two most energetic jets. For events that are used to determine the forward-backward asymmetry, the following additional requirement is applied to the sample selected by conditions 1-7 above:
8. The charge of one tau must be + 1 and the charge of the other tau must be -1. In total, 1730 tau pair events meet the selection criteria 1-8. Among these, 617 events contain a muon. Most taus removed by cut 8 have charged decay products passing through one sector of the TEC which was disconnected or through the low resolution regions close to the anode and cathode wires.
For the determination of the e + e-~ r + r (y) asymmetry, we use the direction of the r-with respect to the electron beam direction, as determined from the event thrust axis. The acceptance corrected angular distribution, at the Z ~ peak, is shown in Fig. 10 . A fit to this distribution, using the same angular distribution as in Sect. 5.3, 3(I+cos20)+AFBCOsO, yields AFB=0.07 +0.03 with a Z 2 of 11.5 for 6 degrees of freedom.
To obtain the forward-backward asymmetries that we use in Sect. 8 for the determination of the electroweak parameters, we follow the acceptance independent maximum likelihood method as described in Sect. 5.3 for Table 6 . Measured forward-backward asymmetry, AFB , of the reaction e+e ~r +r- (7) . Both the asymmetry determined from the number of events in the forward and backward hemispheres and the asymmetry determined using the maximum likelihood method are given. Also the asymmetry as determined from the subsample of events with a muon decay of a tau is given (AUB e + e ---,/t +/1 -(?J) events. Table 6 summarizes the results obtained for the entire data sample, as well as the results obtained from the subset of events which contain a muon from the tau decay (A~B). For comparison we also give in the same table the asymmetry, corrected for the cos 0 dependent detector acceptance and extrapolated to the full solid angle, obtained from direct counting of events with a forward or backward r-. All three determinations of AFB agree within errors. As a further check, the asymmetry at the Z ~ peak is calculated using three different samples of e+e -~r + r-(7) event candidates: 9 The 379 events which contain at least one tau decaying into three charged particles. 9 The 1084 events contained inside the restricted fidncial volume defined by [cos O, I < 0.6. 9 The 1559 events obtained by relaxing requirement 8 above:
The charge of one tau must be • 1. The product of the charges of the two taus must be negative or zero.
All three samples give measured asymmetries at the Z ~ peak consistent with the values in Table 6 .
The systematic error in the asymmetry due to charge confusion in the TEC is estimated to be less than 0.008. The uncertainty in the measurement of the forward-backward asymmetry due to the cosmic ray background is estimated to be less than 0.001. The forward-backward asymmetry from the e+e ~e+e- (7) background is subtracted using the Monte Carlo prediction for this asymmetry. The uncertainty due to this subtraction is estimated to be less than 0.005. We estimate the total systematic uncertainty on the asymmetry measurements to be less than 0.01. 7 e+e ~e+e- (7) The triggers for e + e---* e + e- (7) events are the energy and the charged track triggers. The combined trigger efficiency for these two independent triggers is estimated to be greater than 99.9 %.
Event selection
The selection of e + e --* e + e- (7) events is based mainly on information from the electromagnetic calorimeter (BGO). Energy deposited in adjacent crystals is collected into clusters. Since an electromagnetic shower spreads across several crystals, we require an energy deposition in at least two crystals for a valid cluster in order to reduce the sensitivity to noise fluctuations. The selection criteria are as follows:
1. To reject hadronic events the number of clusters is required to be less than 8. 2. To reject e +e---*r +r- (7) events, we require Eto t > 0.7 l/s, where Eto t is the total electromagnetic energy. 3. To remove e + e---*7 y (7) events at least one track reconstructed in the TEC is required.
We further restrict the analysis to those events having the center of gravity of the two most energetic clusters in the range 44 ~ < 0 < 136 ~ Thus, we exclude events in which one or both of the two most energetic particles hit a crystal at the edge of the barrel BGO calorimeter. We also require that the acollinearity angle between the two most energetic clusters, ~, is less than 25 ~ Variations of the energy, acollinearity and fiducial volume cuts are used to estimate the systematic uncertainty in the event selection to be 0.4 %. Figure 11 shows the total energy measured in the electromagnetic calorimeter and Fig. 12 shows the acolli- We determine a background from e + e-~r + r-(y) events of (1.2 _+ 0.1 )% using events generated with KOR-ALZ [ 15] . By scanning the selected events, we find that the background due to cosmic rays is negligible. The observed number of e + e --* 7 7 (7) candidates found before cut 3 is in agreement with the predicted cross section of 17.3pb at the Z ~ peak [12, 21] . Background due to y conversions is found to be negligible, as well as the background from the two-photon process, e + e-~e+ e-e+ e .
Inside the fiducial volume and for ~ < 25 ~ we determine the acceptance for e + e -~ e + e-( 7 ) using the events generated with BABAMC [10] . We find an acceptance, including detector inefficiencies, of (96.2 + 0.2) %. This acceptance is independent of l/s, in the region of interest. The Monte Carlo prediction for the inefficiency due to dead channels in the electromagnetic calorimeter has been verified by studying events where only one electron is identified and the second one is lost in a dead region of the calorimeter. The efficiency for finding at least one track in the TEC is 99.8%. We estimate a 0.4% overall systematic uncertainty in the acceptance.
To investigate the quality of the Monte Carlo simulation for e +e-~ e + e-(7), we studied events in which a photon is identified. To identify a photon, we require that its energy is greater than 0.5 GeV and that the angle between it and the nearest charged particle is greater than 5 ~ . Figure 13 shows the energy spectrum of the photon and its angular separation, 5, from the nearest charged particle. Good agreement between the data and the Monte Carlo simulation, shown in the same figure, is obtained.
We performed an independent analysis with cut 2 replaced by: E~ > 0.45 ]/s and E 2 > 2 GeV; where E 1 and E 2 are the energies of the two most energetic clusters. This analysis has a reduced sensitivity to the effect of the few dead crystals in the barrel BGO calorimeter. The difference between the number of events found in the two analyses, after correcting for acceptance, inefficiency and background, is 0.2%.
Cross sections
After applying the above selection criteria to the data sample, we find 4175 events, corresponding to an integrated luminosity of 5.51 pb-1. Table 7 shows the measured cross section, o-..... inside the fiducial volume for events with ~ < 25 ~ In Fig. 14 this cross section is shown as a function of ]/s. The cross sections have been corrected for the background contamination mentioned above.
Excluding the 0.9 % luminosity uncertainty, we assign a total experimental systematic error of 0.6 % to the measured cross section. This includes uncertainties due to event Table 7 . Results on the cross section for the reaction e+e --,e+e - (7) . a .... is the acceptance corrected cross section for 44 ~ < 0 < 136 ~ and ~ < 25 ~ a ~cR is the acceptance corrected cross section for the GCR selection, explained in the text. Quoted errors are statistical only and the overall systematic uncertainty in the cross section is 0.6% (excluding the 0.9% luminosity uncertainty) As in our previous analysis [5] , we also determine the cross section of the e + e--* e + e- (7) process under more restrictive conditions to allow the comparison with the results of the analytical calculation by Greco found in [22] and implemented in the Caffo-Remiddi program [17] . In addition to the selection criteria 1-3, the e+e ---*e + e-(Y) events used for the evaluation of the cross section must have an acollinearity ~ < 5 ~ and they should contain no photons with E~ > 3.8 GeV and 5 > 5 ~ In Table 7 the resulting values of the cross section are shown under the heading a ~ The details of this particular selection can be found in [5] .
Forward-backward asymmetry
For the determination of the forward-backward asymmetry ofe+e ---*e+ e - (7) , we use the polar angle of the scattered e . Due to the non-s-channel contributions to this process (see Sect. 7.4) we only determine the asymmetry, AFB, by direct counting of the events in the 44 ~ < 0 < 136 ~ angular range. We correct for the cos 0 dependent acceptance in this range, but do not extrapolate our result to the full solid angle.
The polar angle of the scattered e + is measured by the BGO calorimeter with an angular resolution of 1.2 ~ The angular resolution is dominated by the longitudinal extension of the LEP bunches of about • 8 mm. The intrinsic resolution of the BGO is about 0.7 mm, which corresponds to an angular resolution of 0.07 ~ for a pointlike source. The charges of the outgoing particles are measured by the TEC. We have stringent requirements on the quality of the TEC tracks to minimize charge confusion. For each electron, the fit must include at least 30 of the possible maximum of 62 measured points and it must have a confidence level greater than 1%. The momentum resolution of the tracks satisfying these cuts is 60 % at 45 GeV. If the two tracks do not satisfy the above requirements or if they have the same charge, a common circle fit through all the measured points is performed. The confidence level of this common circle fit must be at least 1%. In total 2691 events meet the additional requirements on the measured charges of the outgoing particles.
To determine the accuracy of the TEC charge assignment, we apply the same TEC track selection criteria to the selected e+e---*p+p -(7) event sample and compare the charges assigned to a track by the TEC and the muon spectrometer. We find that the probability that both charges measured in the TEC are opposite to those measured in the muon chambers is (3.5+0.5)%. This Fig. 15 . Acceptance corrected cos O distribution for e +e--e +e-(7) events at the Z ~ peak. The solid line corresponds to a Standard Model prediction obtained from ALIBABA, adapted to the fit results given in Table 11   Table 8 . Measured forward-backward asymmetry, AFs, of the reaction e+e ~e+e - (7) . The asymmetry is determined from the number of events in the forward and backward hemispheres, not extrapolated to the full solid angle. (GeV) Fig. 16 . The forward-backward asymmetry for e+e-~e+e (7) events as a function of 1~. The solid line is a Standard Model prediction obtained from ALIBABA, adapted to the fit results given in Table 11 . The separate s, t and interference contributions are indicated introduces a change in the asymmetry of (0.07 • • AF8 , which we correct for. The comparison of the momentum distributions of the positive and the negative muons in the forward and backward regions shows that in each hemisphere the acceptance is charge independent to better than 1%. Based on this, we conclude that the systematic error in the asymmetry of e + e-~e+e -(Y) is 0.01. In Fig. 15 the differential cross section, at the Z ~ peak, is given as a function of cos 0. The data are corrected bin-by-bin for the selection efficiency and charge confusion. The asymmetry is defined by the difference between the forward (440<0<90 ~ ) and backward (90 ~ < 0 < 136 ~ cross sections. In Table 8 the measured asymmetry is given at each energy point. In Fig. 16 the measured asymmetry is shown as a function of ]/s.
Z ~ resonance contribution to e+ e ~e+ e (y)
The Z~ + e-(7) cross section is composed of several contributions due to the s-channel and t-channel ex-195 change of a Z ~ or a 7 and their interference. In lowest order of the electroweak theory, this gives a total of 10 terms. To extract F e the partial decay width for Z~ -(y), the normal method of s-channel fitting cannot be used directly.
The correct approach would be to compare the measured cross section to a theoretical prediction which includes all contributions. We exploit three available programs of this kind: Greco-Caffo-Remiddi (GCR) [17] , ALIBABA [23] and a newly implemented program developed inside our collaboration, BHAGENE [24] . All three programs include G(a) and ~?((~2) radiative corrections, and soft photons are accounted for by exponent•177
The GCR program includes hard photons only in the coil• approximation, while the other two programs numerically calculate their contribution.
An alternative method is to subtract the non-s-channel contributions from the measured cross section. This subtraction is done by evaluating the t-channel and the interference terms with the ALIBABA or BHAGENE program. The interference term depends on F e, we therefore iterate the calculation of the terms to be subtracted. The procedure converges after 2 iterations, the systematic uncertainty due to this F e dependence of the interference term is negligible. In Fig. 14 we compare the measured cross section with the s-channel and the non-s-channel predictions and the sum of these two cross sections, as given by the ALIBABA program. After the subtraction of the non-s-channel contributions, the cross section can be fitted in the same way as for the other decay channels. The actual fitting is performed using the lineshape program ZFITTER [20] , described in more detail in Sect. 8.3.
In Table 9 we compare B e the branching ratio of Z ~ ~ e + e-(y) determined by the different methods described above. We obtain B e from a fit to the cross section data fixing the other relevant parameters of the Standard Model, i.e. Mz=91.181GeV, m,=150GeV, M~/= 100 GeV and as=0.115. From the comparison of these values, we assign a 0.4 % theoretical systematic uncertainty to the determination of B e. This corresponds to a 0.4% theoretical uncertainty in F e, or a 0.8 % systematic uncertainty in the peak cross section.
In Table 10 we give the s-channel cross section, a~ .... after the subtraction of the t-channel and interference terms, using the ALIBABA program. At the Z ~ peak Table I0 . Results on the cross section and forward-backward asymmetry for the reaction e+e --*e+e - (7) after the subtraction of the t-channel and interference contributions, a~.~ is the corrected cross section for 44 ~ < 0 < 136 ~ and ~ < 25 ~ and a~o t is the cross section extrapolated to the full solid angle. A~B is the forward-backward asymmetry in the angular range 44 ~ < 0 < 136 ~ and ff < 25 ~ Quoted errors are statistical only and the overall systematic uncertainty in a~*~ is 1.0% and in ato t is 1.1% (excluding the 0.9% luminosity uncertainty to a total systematic uncertainty of 1.0% in these cross sections (excluding the 0.9 % uncertainty in the luminosity). For the comparison with the results from other experiments, we also give in Table l0 the s-channel cross section extrapolated to the full solid angle, o'tsot . The additional systematic uncertainty associated with this extrapolation is estimated to be 0.5 %. The same two methods (a direct fit to all channels and a fit after subtraction of the t-channel and the interference contributions) are also considered for the determination of the vector and the axial-vector couplings from the combined cross section and asymmetry measurements. The various methods give consistent results. We give in Table 10 the s-channel asymmetry, A~. B, obtained from a subtraction of the non-s-channel contributions with the ALIBABA program. In Fig. 16 the measured forwardbackward asymmetries are compared to the ALIBABA predictions. The separate s, t and interference contributions are also shown.
For consistency with the other Z ~ decay channels, we use in the simultaneous fit the s-channel data, obtained from the subtraction with the ALIBABA programm.
Determination of electroweak parameters
Electroweak parameters
The cross section for the reaction e + e---+ff to lowest order contains three terms, the y exchange, the y-Z ~ interference and the Z ~ exchange term: 
Here s is the center of mass energy squared, M z is the mass, F z is the total decay width of the Z ~ boson and G u is the Fermi constant determined from the muon lifetime. Qe and Qf are the charges of the electron and the fermion, respectively. The vector and axial-vector coupling constants, gfv and gf, are given by"
where I3 / is the third component of the weak isospin of the fermion and 0 w is the weak mixing angle. The cross section formula (3) is only valid in lowest order and fermion mass effects have been neglected. It is displayed here to introduce the relevant parameters. For the comparison of the measurements with the theoretical predictions, higher order electroweak radiative corrections must be taken into account as described below. Note also that for Bhabha scattering, e+e--*e+e -, terms due to tchannel exchange must be added to (3) . The Z ~ exchange term in (3) is usually expressed in terms of the partial decay widths of the Z ~ into e + eand f f:
where F e is the partial decay width of Z~ + eand Ff is the partial decay width of Z~ Explicitly in lowest order:
The interference term in (3) cannot be expressed as a function of the partial widths F e and F/. Thus additional assumptions must be made to extract the partial widths from the measured cross sections. However, the interference term is very small. It vanishes at the Z ~ peak and is less than 1.4% of the cross section for 0.20 < sin20w<0.26 at the extreme values of the energy range, 88.2 =< l~ < 94.2 GeV. To extract the partial widths F e and F/or the corresponding branching ratios of the Z ~ we use the Standard Model expressions with sin 2 0 w = 0.23 for the vector couplings in the interference term. Changing the interference term between zero and twice the value predicted by the Standard Model for sin 2 0 w = 0.23, shifts the Z ~ mass by • 3 MeV. The error on the partial widths due to this approximation is negligible.
Additional constraints on the vector and axial-vector coupling constants can be obtained from the forwardbackward asymmetry defined as
where o-F is the cross section for events with a forwardgoing fermion, i.e. with the fermion polar angle 0 with respect to the electron beam direction less than 90 ~ and ~8 is the cross section for events with backward-going fermions i.e. with 0 > 90 ~ The asymmetry is a strong function of the center of mass energy. Here we give the lowest order expression for the asymmetry at ]~ = Mz:
e e f f AvB = 3 gv'gA gv'gA (g~)2 + (g])2 (g f)2 + (gs (9) Since the asymmetry and the cross sections depend on different combinations of the vector and axial-vector couplings, their simultaneous measurement provides a determination of these couplings. For the actual determination of the vector and axial-vector couplings we include higher order electroweak radiative corrections as described below. Consequently we do not determine the lowest order couplings gv and gA defined in (5) , but the effective couplings, denoted by gv and gA, as discussed in Sect. 8.3.
LEP beam energy
The values of the center of mass energies are provided by the LEP machine group. By comparing the revolution frequency of protons and positrons, the absolute energy scale error is determined to be _+0.02 GeV [25] . The energy spread in the LEP beams yields an uncertainty in the center of mass energy for a given e + ecollision of approximately 50 MeV [26] . We have determined the systematic effect of this uncertainty on the cross section for each decay channel by convoluting the Z ~ lineshape and a Gaussian 1~ distribution with an r.m.s, value of 50 MeV. The corrections are small and change the cross section by 0.14% at the Z ~ peak and by less than 0.1% for the other energies. These corrections have been applied to the cross section data given in Sect. 4-7. The main effect of this correction is to reduce the width of the Z ~ by about 4 MeV.
Fitting procedure and radiative corrections
Radiative corrections must be included in the theoretical predictions before they can be compared with our measurements of the hadronic and leptonic cross sections and the leptonic asymmetries. We use the analytical program ZFITTER [20] in conjunction with the MINUIT [27] program to fit the data and to determine the electroweak parameters.
ZFITTER uses analytical formulae to calculate cross sections, forward-backward asymmetries, and angular distributions of final state fermions in e + e-interactions. It includes electroweak radiative corrections to & (~) and a common exponentiation of initial and final state bremsstrahlung. Furthermore, the G(cQ corrections are supplemented with G (c~, c~s) and leading ~(~ 2mt/Mw)4 4 corrections from t-quark insertions in the gauge boson selfenergies.
We have made a detailed comparison of the results obtained with ZFITTER for the production cross sections of e+e-~ff reactions and those obtained with another Standard Model program ZBATCH/ZHADRO [28] . We find that the cross sections calculated with the two programs agree within 0.5%. For/~ +/t-and r + rwe have also compared the predictions of KORALZ [ 15] with ZFITTER and find that the cross sections calculated by these programs agree within 0.5 %. Furthermore, we have compared the results of the lineshape fits of our data made by ZFITTER and the BCMS program [29] , and we find excellent agreement for the same values of the electroweak parameters.
For the determination of the electroweak parameters from our measurements we proceed in the following way: we determine the mass, the total width and the different partial decay widths without restricting the range of these parameters to the Standard Model values. This is possible because the radiative corrections can be separated into QED corrections which take the real photon bremsstrahlung and the virtual photon loops into account, and the weak corrections, which involve vector boson propagators, vertex corrections and box diagrams with at least one vector boson exchanged [30, 31] . The QED corrections, which depend on the acceptance of the detector and on the cuts used in the analysis, are always taken into account for the calculation of the theoretical predictions. The weak corrections are not applied explicitly, but are absorbed in the definition of the fitted parameters. Thus we must interpret these parameters as being effective parameters. The use of effective parameters is also necessary for allowing these parameters to take values outside the Standard Model predictions in a fit to the data, because the weak radiative corrections cannot be calculated in this case. Similarly we determine in Sect. 8.7 effective values of the vector and axial-vector couplings which are there explicitly denoted by gv and gA to distinguish them from the one defined in (5) .
The situation is different in Sect. 8.8 when one remains in the Standard Model framework with three lepton and quark families and only one Higgs doublet, and determines the unknown physical parameters appearing in this model, for example Mz, MI~ and m t. In this case the electroweak radiative corrections can be calculated exactly and they can be varied according to the values of the input parameters used.
Statistical, systematic, and overall normalization (luminosity) errors are included in all fit results that are presented in this section. The uncertainty of 0.02 GeV in the absolute energy scale of LEP must be added to the error on M z [25] .
Mass and partial decay widths of the Z ~
We begin by simultaneously fitting the cross sections of e + e --* hadrons, e + e-,/~ +/~ -and r + r-to determine the following six parameters: Mz, Fz, /"had, /"e, /"U and F~. As mentioned above, we use for the e + e--, hadrons, /~ +/~-and r+r channels the cross sections extrapolated to the full solid angle. For the e + e-~ e + e channel we use the s-channel cross sections in the 44 ~ < 0 < 136 ~ polar angular range and with ( < 25 ~ excluding the points at ]/s = 88.224 GeV and ]/~=94.215 GeV because of large t-channel corrections. The results obtained from the fit are presented in Table  11 together with the expected Standard Model values for Mz=91.181GeV, mt=150GeV, MH=100GeV and es=0.115. The fit has a ;~2 of 18 for 20 degrees of freedom. Our measurements of the total and partial decay widths of the Z ~ agree very well with the Standard Model predictions using these parameters. The partial decay widths of the electron, muon and tau are equal within (Table 11 ) assuming lepton universality errors and confirm the lepton universality of the weak neutral current interaction predicted by the Standard Model.
Next, we assume lepton universality and perform a four-parameter fit to the measured cross section results to determine Mz, Fz, Fh~ d and the leptonic decay width F~. The Z 2 of this fit is 19 for 22 degrees of freedom. Results of the fit are also given in Table 11 . This fit leads to a measurement of the leptonic width with a precision of 1%. The results for the mass and the total width of the Z ~ remain the same, while the error on the hadronic width is reduced. Figure 17 shows our measurements of the hadronic cross section, and Fig. 18 shows our measurements for the three leptonic cross sections. The data are compared to the theoretical predictions using the parameters determined by the fit with lepton universality. The agreement is very good in all four reactions.
The mass and the total decay width of the Z ~ are mainly determined by the shape of the hadronic cross section, due to the low statistical and systematic errors for this channel. The partial decay widths into hadrons, electrons, muons and taus are mainly measured from the peak cross section of each reaction. The lowest order cross section at ]f~=Mz ' O.peak ,0 of the reaction e+e-~ff is directly related to the product of the branching ratios, B~ and Bs, of Z~ -and Z~ ff :
We can determine the different branching ratios instead of the partial widths. The results are shown in Table 12 for fits with and without the lepton universality assumption. We also give the lowest order peak cross section 0 (O'peak) calculated from (10).
Number of light neutrino species
We use the results of the fit presented in Table 1 t and the correlations between the fitted parameters to determine the invisible width of the Z~ We use the following relation to determine the number of light neutrino species:
(r,,fM
where the superscript SM denotes the Standard Model prediction. The ratio of (F~/F v )SM is insensitive to rn t and M H and has the value 0.502 for M z = 91.181 GeV. Using the above value of Fin v and our measurement off t (taking into account their correlations), we obtain:
The error is to a large extent due to the systematic error in the luminosity measurement.
QCD correction and strong coupling constant
The hadronic decay width of the Z ~ can be expressed as:
where F~ is the Standard Model prediction for as = 0 and 0Qc D is a QCD correction factor [32] . We prefer to use the m, independent ratio of the hadronic to the leptonic width for a comparison with the Standard Model prediction :
Here again ROad denotes the Standard Model prediction for this ratio with es = 0. We obtain ROad = 20.00 § 0.03 from the program ZFITTER for M z = 91.181 GeV. The uncertainty accounts for variations of m t and M H over a wide range. From the results for/"ha d and F / presented in Table 11 and the correlations between the fitted parameters, we obtain Rhad ----20.84 _+ 0.29. This gives a QCD correction factor of OQCD = 0.042 + 0.015, which corresponds to a value of the strong coupling constant ~ = 0.125 • 0.041.
Alternatively, we can use our measurements [33] of e s from jet multiplicities and the asymmetry of the energyenergy correlation, ~s = 0.115 • 0.009, to obtain the Standard Model prediction for SM Rha d = 20.77_+ 0.10. Since SM Rha d is a ratio of the partial widths, it is insensitive to variations of m t and M H. Thus, a comparison of this value with our measurement is a strong test of the Standard Model because there are no unknown parameters involved. We find a very good agreement: ehad --1.003 _+0.015. SM ehad
7 Neutral current coupling constants g, v and ~, A
We perform a simultaneous fit to the measured cross sections of e+e--*hadrons, e+e , /~+/~-and ~+r-, and to the leptonic forward-backward asymmetries to determine M z, F z, Fha ~, gv and g~, assuming lepton universality. For the asymmetries of the e + e---*/~ +p-and r+r channels, we use the results from the maximum likelihood method 9 For the asymmetry of the e+e -~e + e-channel we use the s-channel asymmetry in the 44 ~ ~ polar angular range and ~<25 ~ , excluding the points at ]/~=88 9 and ]fs = 94.215 GeV because of large t-channel corrections. Results obtained from the fit are presented in Table 13 . In Fig. 19 our measurements of the forward-backward asymmetries are compared with the theoretical predictions using the parameters determined by the fit. The fit has a • 2 of 34 for 40 degrees of freedom. The values obtained for Mz, Fz, and Fh~ ~ are identical to those that were obtained in Sect. 8.4. The signs of gv and gA have been inferred from the results of other experiments [34] . Figure 20 shows the 68 % and 95 % confidence level contours in the gv and gA plane.
We have also repeated the fit to the data to determine the values for sinZ0w and Pelf, which are related to gv and gA through the following relations [30] :
gv = -0.5 p]~ff (1-4sin20w) .
The values of sin 2 0 w and P~fr are: It should be noted that the results on gv and gA, or sin20w and Pen', are obtained from fits where these parameters can assume values which deviate from the ones allowed in the minimal Standard Model.
To test lepton universality, it would be very interesting to extract the vector and the axial-vector couplings of the electron, muon and tau from a fit without the lepton universality assumption. However, the asymmetry of e + e--~p +p -or e + e-~z + r-measures the product of -e -p -e -v gvgv or gvgv, respectively. If the vector coupling of the electron is very small, as it is for sin 20w= 0.23, the asymmetry is insensitive to the muon or tau coupling. Thus, these couplings cannot be measured with reasonable errors using the current statistics. It is possible to extract the vector and axial-vector couplings of the electron from The signs of the vector and axial-vector couplings are inferred from the results of other experiments [34] . The mass, the total width and the hadronic decay width of the Z ~ are identical to the ones given in Table 13 .
Mass of the top quark and sin2 0 w
In the absence of direct experimental evidence for the top quark [35] , its mass can be indirectly estimated within the framework of the Standard Model by using the sensitivity of radiative corrections to mt. An estimate of m t can be obtained from a combined fit to all of the cross section and forward-backward asymmetry data within the Standard Model, since the total and partial decay widths of the Z ~ and the leptonic forward-backward asymmetries depend on rn,. We fit the data with Mz, m, and as as free parameters. As discussed below the results depend only weakly on the Higgs mass which we therefore fix to M~ = 300 GeV. Figure 21 indicates the best fit values and the 68% and the 95 % confidence level contours in the as-mt plane. We obtain as =0.134 • 0.030, = 1~+70 GeV m t ~V~--ll 0
The Z~ remains at the value given in Table 11 . The error on c~ s is smaller than the one given in Sect. 8.6 because we use all measurements and not only Rha d.
We can decrease the error on m, by constraining c~ s to c% = 0.115 __+ 0.009 determined by our measurements of the energy-energy correlation asymmetry and of the jet multiplicities [33] . To take into account the uncertainty due to the unknown Higgs mass, we vary M/4 between 50 and 1000 GeV. Results of the fits are presented in Table 14 . The fitted values ofM z are found to be identical to those given in Table 11 . For all the fits, a X 2 of 36 for 43 degrees of freedom is obtained. We quote the central value obtained for M/~ = 300 GeV as our result: + 52 mr= 193_69• 16 (Higgs) GeV.
The second error takes into account the variation of the Higgs mass from 50 to 1000 GeV.
From the measurement of m t, for a fixed value of M/~, we can derive the radiative correction factor A r or the weak mixing angle sin 2 0 w or the mass of the W boson M w. These quantities are related as follows: 
The values of A r, sin20 w and M w are shown in Table 14 for different values of M/_ z. Although the top quark mass determined from our measurements shows a dependence on the Higgs mass, the values of A r, sin 2 0 w and M w are practically independent of M m as can be seen from Fig. 22 .
An independent measurement of sin 2 0 w has been made at pp colliders [37] . The value of sin 2 0 w = 0.227 • 0.006 can be compared with our value of sinZ0w=0.222 i 0.008. Repeating our fitting procedure, constraining sin20w to the pp result, we obtain: mt=164_+]7• (Higgs) GeV.
Conclusions
We have measured the reactions e+e -~hadrons, e+e -, /a+/* -and r+r -at LEP in the energy range 88.2 =< ]/7 =< 94.2 GeV, around the Z ~ resonance. A total luminosity of 5.5 pb -1 has been recorded with the L3 detector corresponding to the following final event sample: 115097 e+e ---+hadrons events, 4175 e+e ---+e+e - (7) events, 3245 e+e --+/*+/~-(7) events, 2540 e+e ---+~-+z-(7) events.
A good understanding of the detector leads to low systematic errors, thus permitting us to use the full potential of the high statistics data.
A combined fit to all reactions gives the following values of the Z ~ parameters: These results are independent of the Higgs mass for 50 < M~, < 1000 GeV. All our results are in good agreement with the predictions of the Standard Model, with the results from neutrino experiments [38] and with the other measurements at LEP, SLC and the pp colliders [6, 39, 37] .
